Fish are sensitive to temperature, but the intergenerational consequences of maternal exposure to high temperature on offspring adaptive behaviour and underlying mechanisms are unknown. Here we show that a thermal maternal stress induces emotional and cognitive disorders in offspring. Thermal stress in mothers triggered the inhibition of fear responses and decreased spatial learning abilities in progeny. Impaired behavioural phenotypes were associated with the dysregulation of several genes known to play major roles in neurodevelopment, including auts2, a key gene for neurodevelopment, more specifically neuronal migration and neurite extension, and critical for the acquisition of neurocognitive function. In addition, our analysis revealed the dysregulation of another neurodevelopment gene (dpysl5) as well as genes associated with human cognitive disorders (arv1,plp2). We observed major differences in maternal mRNA abundance in the eggs following maternal exposure to high temperature indicating that some of the observed intergenerational effects are mediated by maternally-inherited mRNAs accumulated in the egg. Together, our observations shed new light on the intergenerational determinism of fish behaviour and associated underlying mechanisms.
136 Behavioural responses were video-recorded for 30 minutes, divided into six 5-min 137 intervals and analysed with EthovisionXT software (Noldus, Netherland). The following 138 behavioural parameters were calculated for each individual: total distance travelled (cm), 139 maximum swimming velocity (cm/sec), angular velocity (°/sec) (i.e. erratic swim), and 140 time spent (%) in the border zone (i.e. thigmotaxis). At the end of the test, each fish was 141 measured and weighed.
142 Assessment of offspring spatial learning abilities and memory:
143 Offspring propensity to locate a food-rewarded arm was assessed in a T-maze supplied 144 with 12°C flow-though recycled water (see (Poisson et al. 2017 ) for a complete setup 145 description). Five fish per female were tested. After 24h food deprivation and 30min of 146 acclimation in the start-box of the T-maze, a remote-controlled guillotine door was pulled-147 up and fish occupation of the maze was video-recorded for a maximum of 1800 seconds per 148 trial. A visual cue (black cross) was located on the wall of the T-maze at the entrance of the 149 reward arm. When the fish crossed an invisible line separating the rewarded arm from the 150 rest of the maze, a mechanic ridge, remotely-controlled by an experimenter observing live 151 videos in an adjacent control room, released pellets. Then the fish was left to eat the pellets 152 for at least 5min before being gently netted and introduced in its individual holding tank 153 until the next trial. Eleven successive trials were run for four consecutive days (two trials 154 on the first day and three on the other days). The treatment order was randomly chosen on 155 the first day. We measured the latency to leave the start-box (Latency SB) and the latency 156 to reach the reward arm after the fish had left the start-box (e.g. right choice, Latency RC).
157 Retention of the acquired information (i.e. memory) was evaluated three days after the last 158 trial by another trial (resulting in a 2-day break). We measured Latency SB and latencies to 159 make either the right (Latency RC) or the wrong choice (Latency WC).
160 Egg cortisol contain 161 Six eggs per female were homogenized in 600mL of deionized water using Precellys 162 Evolution (Bertin Technologies, France). The program used was: 2mL CK14 tubes (work 163 4x20s 6800rpm + 30s break). Extraction of cortisol was performed using 200µL of 164 homogenate (after short centrifugation at 3000g) and adding 2 mL of 165 ethylacetate/cyclohexane (50/50, vol/vol) at room temperature. The supernatant was 166 recuperated after strong mix and freezing at -20°C for at least 1 hour followed by another 167 round of ethylacetate/cyclohexane extraction. After solvent evaporation, extracted cortisol 168 was re-dissolved in 100µl ethanol. After evaporation, the dry residue was dissolved in 169 500µL buffer from cortisol ELISA kit purchased from Cayman Chemical (USA). Cortisol 170 levels were determined following the ELISA kit manufacturer's instructions. The 171 absorbance of each well was measured at 412 nm using a Synergy-2 microplate reader 172 from BioTek (USA) instruments. Cortisol levels of eggs were calculated based on the 173 calibration curve of absorbance. The assay has a range from 6.6-4000 pg/mL and a 174 sensitivity (80% B/B0) of approximately 35 pg/mL.
Gene expression profiling
176 Transcriptome analysis was conducted using four egg batches originating from female held 177 at 12°C and four egg batches originating from females held at 17°C, with the exception of 178 YSR/12°C for which only three RNA samples of sufficient quality could be obtained. RNA 179 was extracted from 20 eggs sampled at fertilization, 20 eggs at 5 dpf, six embryos at 225 two levels, which are dependent data), and their interaction. When models were significant, 226 the summary was considered for pairwise comparisons.
227 For all models, if there were non-significant effects on factors or interactions, stepwise 228 backward eliminations were performed to sequentially simplify the full model. The models 229 were validated using analysis of residuals: normality assessment.
230 Egg cortisol contains were compared between treatments using nonparametric Mann-231 Whitney tests.
232 Differences were found to be significant when P < 0.05 and tendencies were considered for 233 0.05 < P < 0.1. We indicated results of post-hoc analyses by different letters or by daggers 234 symbols in the figures but they are not described in the Results section.
235 For microarray analysis, gene expression data was scale normalized and log(2) 236 transformed before statistical analysis. The differences between the groups were analyzed 237 using a two-way ANOVA with two factors (temperature, stage and their interaction), with a 238 corrected P-value < 0.05 after Benjamini-Hochberg correction. For the four individual 239 genes presented in Fig. 4C , non-parametric Mann-Whitney tests were performed between 240 12°C and 17°C groups within egg and 5 dpf stages to reveal any significant differential 241 expression.
Results

243
Influence of maternal exposure to high temperature on developmental success and 244 growth 245 Maternal exposure to high temperature had a major impact on offspring survival. A 246 dramatic increase in mortality was observed throughout early development when eggs 247 originated from females held at 17°C even though this difference was not significant until 248 hatching due to a high variability (Fig. 1) . The overall median (quartiles: 25 and 75%) 249 mortality rate was below 10% in the 12°C group, while it was over 40% in the 17°C group, 250 with 6.62(5.30-7.59)% and 40.77(13.49-73.86)%, respectively (W = 0, P < 0.05). In 251 contrast, no difference in the median (quartiles: 25 and 75%) occurrence of malformed fry 252 was observed at yolk-sac resorption between the 12°C and the 17°C groups, with 253 7.57(6.44-8.76)% and 5.45(4.48-7.14)%, respectively (W = 11, P = 0.48). Similarly, the 254 occurrence of the different types of malformation did not significantly vary among the 255 experimental groups (Fig. S1 ). At 75 days post-fertilization, fish mean (±SEM) weight 256 tended to be lower in 17°C than in 12°C (0.39 ± 0.02 g vs. 0.46 ± 0.05 g), although not 257 significantly (F 1,5 = 4.88, P = 0.08).
258 Offspring behaviour in the novel-tank test 259 Offspring from thermally stressed mothers displayed weaker emotional responses than 260 controls when individually introduced into a novel-tank (Fig. 2) . When considering 261 distance travelled, the temperature X interval interaction tended to be significant ( 276 Offspring spatial learning and memory 277 Offspring from thermally stressed mothers were slower to locate the rewarded arm than 278 controls, when tested in a T-maze (Fig. 3) . During the acquisition phase, we did not find any 279 temperature (χ 2 = 1.65, df = 1, P = 0.20) or trial effect (χ 2 = 12.01, df = 10, P = 0.28) when 280 considering the latency to leave the start-box. The temperature X trial interaction was not 281 significant (P = 0.15). The low variances (< 0.001) associated with random factors female 282 and individual indicated non-significant random effects. When considering the latency to 283 make the right choice, we found a significant temperature X trial interaction (χ 2 = 19.49, df 284 = 10, P = 0.03, Fig. 3A ). The summary of the model indicated a decrease in the latency from 285 the 5 th trial compared to trial 1 (P < 0.05), in the 12°C group only. These post-hoc effects 286 are detailed in Fig. 3 legend. The fixed factors temperature and trial were not significant (P 287 = 0.20 and P = 0.22, respectively). The random factors female and individual were not 288 significant.
289 Memory data were considered between trial 11 and three days after. No temperature 290 effect, trial effect or significant interaction was found for the latency to leave the start-box 291 (P > 0.1). In 12°C group, the mean (± SEM) elapsed time between opening of the door and 292 fish exit was 164.95 ± 41.48 seconds three days after trial 11 (vs. 300.65 ± 92 sec, in trial 293 11), whereas in 17°C Latency SB reached 407.60 ± 145.15 sec (vs. 591.13 ± 152.87 sec in 294 trial 11). The variances associated with random factors female (0.10) and individual (1.58) 295 indicated significant random effects.
296 The latency to make the right choice tended to decrease between trial 11 and three days 297 later (trial effect: χ 2 = 3.25, df = 1, P = 0.07, Fig. 3B ). No temperature effect or significant 298 interaction was found. In 12°C group, the mean (± SEM) elapsed time between fish exit 299 from the start-box and entry into the rewarded arm was 296.8 ± 74.57 sec (vs. 625 ± 300 151.14 sec, in trial 11), whereas in 17°C, Latency RC was 607.27 ± 152.16 sec (vs. 1009.4 ± 301 193.62 sec in trial 11). The low variances associated with random factors female (< 0.001) 302 and individual (< 0.01) indicated non-significant random effects.
303 Three days after the 11 th trial, we found a significant temperature X entry choice 304 interaction (χ 2 = 5.60, df = 1, P = 0.02, Fig. 3C ). A significant choice effect was found (χ 2 = 305 16.02, df = 1, P < 0.001), the elapsed time before entering into the right arm being lower 306 than into the wrong arm. The factor temperature was not significant. 307 Egg cortisol content 308 We did not observe any significant difference in the cortisol content of eggs originating 309 from different maternal groups. Median (quartiles: 25 and 75%) cortisol levels did not 310 differ between 17°C and 12°C unfertilized eggs, with 2.37 (1.84-3.88) ng/g vs. 4.11 (1.90-311 7.13) ng/g, respectively (W = 9, P = 0.89).
312 Gene expression profiling in embryos with different maternal history 313 Gene expression profiling was performed in eggs and throughout development after 314 maternal exposure to either 12°C or 17°C. The ANOVA resulted in the identification of 315 47,711 differentially expressed genes throughout development. In contrast, a much lower 316 number of genes were differentially expressed in response to maternal exposure to high 317 temperature (Fig. 4A) . Twelve genes exhibited a differential expression in response to 318 temperature while only 5 genes were differentially expressed in response to temperature 319 and among the developmental stages analysed (temperature X stage significant interaction: 320 P < 0.05). A total of sixteen genes were thus significantly dysregulated during development 321 in response to maternal exposure to high temperature, one gene (srsf2a) being present in 322 both groups. Among these genes, several were of particular interest due to their role in 323 neurodevelopment (auts2, dpysl5), neural disorder (arv1), and X-linked cognitive disability 324 (plp2), as discussed below. Interestingly the expression profiling analysis (Fig. 4B ) revealed 325 that the differential expression between groups was especially marked in eggs, and to a 326 lower extend at 5 dpf, while differences were more limited during further development (i.e. 327 hatching and yolk-sac resorption stages). For auts2 and dpysl5 maternal mRNA abundance 328 was dramatically lower when females were exposed to high temperature (W = 16, P < 0.05; 445 When the learnt association was recalled 3 days after the last trial, 12°C fish were quicker 446 to reach the right arm than 17°C fish, while the wrong arm was reached in both groups 447 after a longer latency. Interestingly, the duration needed to reach the correct arm tended to 448 be shortened during the memory test comparing to the latency measured at the last 449 training trial within the two groups. This indicates that impaired cognition due to the 450 thermal maternal stress concerned only the acquisition phase but not the retention 451 pathway. Indeed, although 12°C fish were quicker to obtain the reward, fish from both 452 groups remembered the correct location. During the 2-day break between the last trial and 453 the memory test, fish were not fed as well as between each trial, the food being obtained 454 only as a reward during the entire experimental procedure. Thus a high feeding motivation 455 was observed at the moment of the recall, as also indicated by the short latency to leave the 456 start-box, although the effects were not significant. Therefore, when highly motivated, 457 rainbow trout demonstrated a memory capacity of at least 3 days in this spatial learning 458 paradigm, which is consistent with a previous experiment showing that this fish species 459 likewise remembered for 3 days an association by appetitive classical conditioning 460 (Nordgreen et al. 2010 ).
461 In summary, fish originating from thermally stressed mothers were slower than controls in 462 the spatial learning task. Although they were able to remember the food location after a 2-463 day break, they seemed to be less motivated, as indicated by the longer latency to reach the . These phenotypes are strikingly 518 similar to the phenotypes observed here after maternal exposure to high temperature and 519 characterized by emotional numbing (i.e. lower angular velocity and absence of locomotor 520 activity modifications under stressful situation) and impaired learning abilities (i.e. slower 521 to locate a food-reward than controls in a T-maze). In addition to auts2, we also observed 522 the dysregulation of dpysl5, (dihydropyrimidinase-like 5) a member of CRMP (collapsing 523 response mediator protein) family thought to be involved in neural development (Veyrac et 524 al. 2011 ). Together these observations strongly suggest that the dysregulation of 525 neurodevelopment genes expression, especially auts2, but also dpysl5, in eggs and embryos 526 participate in mediating the intergenerational effects on offspring behaviour observed here 527 after exposing rainbow trout females to high temperature.
528 The transcriptomic analysis also revealed the differential expression, in response to 529 maternal exposure to high temperature, of genes associated with neural/cerebral disorders 530 (arv1) and X-linked cognitive disability (plp2). In an attempt to better understand genes 531 affecting human brain function, a recent whole-exome sequencing study in 143 families 532 resulted in the identification of 68 recessive genes associated with neurological disorders 533 (Alazami et al. 2015). Among those genes was ARV1, which was also associated with 534 autosomal recessive epileptic encelopathy in another study (Palmer et al. 2016 ). We also 535 observed a dysregulation of plp2 in response to maternal exposure to high temperature. In 536 humans a polymorphism in PLP2 (Proteolipid protein 2) promoter was associated with X-537 linked Mental Retardation (XLMR) (Zhang et al. 2007 ). While the roles of arv1 and plp2 in 538 fish are currently unknown, the identity and suspected roles of these genes in humans are 539 consistent with the differential abundance of the gene and the emotional blunting and 540 impaired learning abilities observed in the present study.
541 The genome-wide transciptome analysis also revealed the dysregulation of several other 542 genes, including a so far uncharacterized gene (cxxcl1l) that exhibits a strong differential 543 expression in eggs from different maternal origin. These genes are likely to mediate, or at 544 least to participate, in the intergenerational effect of maternal exposure to high 545 temperature observed here. Further analyses are needed to decipher the specific 546 contribution of these genes to the phenotypes reported here.
547 Together, our results revealed the dysregulation of several genes that are important for the 548 development of cognitive abilities in response to maternal exposure to high temperature. Data were median-centered and an average linkage clustering was performed.
Neurodevelopment genes and genes related to human cognitive disorders are shown in purple. C.Boxplot representation of gene expression profiles of neurodevelopment genes (auts2and dpyls5a) and genes related to human cognitive disorders (arv1and plp2)
corresponding to the data delineated in purple on panel B. AU: arbitrary units. 
